Using a fully dynamic system-wide hydraulic model to study large sewer collection systems has become widely accepted practice. When developed, these large collection system models represent the prototype collection system based on available data at a particular time. As time passes, the collection systems change. These changes occur through implementation of operation and maintenance plans and capital improvement programs (CIP). It is essential to regularly update the models so they remain valid. Updating the physical attributes of a collection system model may sound straightforward; however, for a large sewer collection system, updating the model is often very tedious, with thousands of nodes or pipes to be reviewed and updated. An effective approach to updating a system-wide model by replacing or adding new data that represents the current status of the sewer collection system is required.
fered between the two sources was identified for 15 000 pipes. Among these, 9 000 pipes were included in the model update based on the updated CAGIS.
This project demonstrates that a model update involves more than simple data processing. Informed engineering judgments with detailed documentation are essential to ensure that updated information can be accurately incorporated into a model. Auto-processing tools ensure efficient execution of the model update.
Introduction
Using a fully dynamic hydraulic model as a tool to study a large scale system wide sewer collection system is widely accepted. However, because collection systems change over time, models representing them require maintenance and need to be updated to maintain hydraulic and hydrologic validity. Changes in the collection system occur through implementation of operation and maintenance plans and capital improvement programs under a wet weather improvement plan, aging, and sometimes as a result of various studies that used an existing developed model. It is thus essential to regularly update the models.
The major steps of model updating include adjusting physical attributes and representations of the sewer system and modifying hydrologic and hydraulic parameters in the existing developed model. The first update step is to incorporate the changes to the physical representation of the collection system. These updates include sewer system network changes such as replacing or removing aged pipes, eliminating combined sewer overflows (CSOs) and storm sewer overflows (SSOs), reconstructing pump stations, treatment plants, sewer storage tanks, overflow weirs, stormwater management facilities, rerouting pipe networks, and modifying real time controls. The second step is to update the associated hydrology, rainfall derived infiltration and inflow (RDII) generation, and flow routing corresponding to the updated sewer network. The main reason for these two steps is that replacement of aged pipes in part of the sewer system may reduce and alter RDII hydrographs. Therefore, hydrologic parameters applied for the old system in the existing developed model should be updated following the changes of the sewer physical attributes to correctly represent current performance.
This chapter discusses an approach to the first step for updating the physical attributes of a collection system. Updating physical attributes of a collection system is often tedious, requiring review and update of hundreds or thousands of pipes. An effective approach to update a system wide model by replacing or adding new data necessary to represent the current status of the sewer collection system is required.
The SWM Update 2007 Project

Background
The MSDGC's system wide model (SWM, 2003) was developed between 2000 and 2003 to assist in assessing hydraulic performance of the system and to prioritize short and long term system improvements. Using the U.S. Environmental Protection Agency's (USEPA) Stormwater Management Model version 4 (SWMM4) software (Huber and Dickinson, 1998) , the full dynamic hydraulic SWM was developed and calibrated to simulate the large scale complex sewer collection system. The collection system (Figure 16 .1) serves 800 000 customers; it incorporates seven waste water treatment plants, 42 000 manholes and pipes, 85 combined sewer overflows and 230 sanitary sewer overflows. The SWM was subsequently converted from SWMM4 to SWMM5 (USEPA, 2002; Rossman et al., 2003) . To fulfill the consent decree requirements (United States of America and the State of Ohio, 2002; United States of America et al., 2003) , this model was used to comprehensively analyze hydrau-lic capacity of the wastewater collection system under dry weather and a range of wet-weather flow conditions. The capacity assurance effort identified system improvements that are integral to the agency's long term wet weather improvement plan (WWIP), which is currently under negotiation to meet consent decree requirements.
The SWM continues to be applied to assist in preliminary design of capital improvement projects for implementation of the $2.5 billion WWIP. As the SWM has been essential in the large sewer collection system studies since it was initially developed in the early 2000s, updating the SWM is necessary to ensure it accounts for changes that have occurred across the collection system. Periodically updating the SWM can sustainably support future collection system improvements by providing valid results for the sewer system under updated conditions. MSDGC initiated the SWM update project in 2007 with the intention of updating sewer attributes in the initial SWM to represent 2007 conditions. The initial SWM was built primarily with data from CAGIS. The inventory of sewer data in CAGIS, including new information, such as as-built drawings from current construction projects, and modifications to existing data, is updated weekly by MSDGC. Sewer data in CAGIS have been ensured accurate, up-to-date representation of the existing sewer network. Due to this primary resource, the model update started with comparison between the initial SWM against 2007 CAGIS data. The major updates included (i) constructed CIP-related changes; (ii) updated sewer network; (iii) extended sewer network; and (iv) inconsistent attributes of modeled pipes. The model updates excluded pipes not defined in the initial SWM project scope; some trivial pipe changes that do not significantly affect the sewer system; and some modeling adjustments for eliminating modeling instability, such as dummy nodes and links, or components of CSOs, SSOs and pump stations.
Updating Process
To update the physical attributes of the collection system, four major sequential steps were followed: (i) identifying discrepancies by comparing the initial model against the 2007 CAGIS; (ii) characterizing the discrepancies to determine which were to be included in the updated SWM; (iii) updating the SWM by replacing the initial data with 2007 CAGIS data; and (iv) performing quality assurance and quality control (QA/QC) on the updated SWM data.
Using the auto-processing SWM maintenance tool (Wride et al., 2005) , an initial automated comparison between the SWM and the 2007 CAGIS revealed thousands of differences in sewer attributes. With the constraint of the SWM update project scope and budget, several model iterative runs were conducted to find that the threshold value of each type of difference, by sorting through the differences, did not have a substantial hydraulic impact on the SWM. For example, invert changes in pipe size <10% did not have apparent hydraulic impact on the sewer system; therefore, such changes would not be included in the updates. Five categories of differences in model sewer attributes were identified. Criteria were established for consideration of changes to be included in the updated SWM:
1. Pipe length: If a pipe length change is >10 ft (3.048 m), this pipe will be identified for further study to determine whether or not to be updated; 2. Pipe upstream and downstream inverts: If a pipe invert difference was larger than 0.1 ft (3.0 mm), the pipe will be identified for further study to determine whether or not to be updated; 3. Pipe size: If the change of a pipe size is >0.5 in. (12.7 mm), this pipe will be identified for further study to determine whether or not to be updated CAGIS data wherever differences between the 2007 CAGIS and initial model data were identified. Along with the update, reviewing the updated sewer profiles was also performed using the same tool. After reviewing many updated sewer profiles, however, it was found that many updated profiles indicated nonsensical attributes, such as reverse slope for an updated pipe, invert of an updated incoming pipe lower than the one of the outgoing pipe, or a larger updated pipe discharging to a smaller pipe. Based upon the findings, the project team reviewed the initial model data input and comments, searched archives of the initial model development, and obtained additional drawings of recent implemented CIPs and ongoing maintenance programs from MSDGC staff. The project team also compared the sewer data between the 2007 CAGIS and the version of CAGIS used to develop the initial SWM. Reviewing documents helped identify reasons for odd profiles.
The main reason identified for the large number of differences in sewer attributes was that many sewer attributes were adjusted during initial SWM development. In the initial SWM development, significant effort was taken to estimate missing sewer attributes data, to correct wrong information based on field survey or record drawings, and to adjust modeled sewer attribute input for modeling purposes or to meet project work scope. For example, some short pipes were lengthened by combing several pipes with the same size and slope and removing manholes along these pipes to eliminate model instabilities. Another example was where model input for SSO and CSO facilities in the initial SWM was adjusted based on design drawings, although CAGIS indicated differently. Therefore, many of these differences were intentionally incorporated into the original SWM and also belong in the updated model.
Reviewing and comparing different versions of CAGIS revealed that CAGIS, although comprehensive and proven to be highly reliable, is imperfect. For example, modeled pipe size changes from smaller to larger may follow the flow direction in the sewer network; however, both the previous version and 2007 CAGIS indicated upstream larger pipes connecting to small pipes downstream. After confirmation with design drawings, pipe size in the initial SWM was found correct. Therefore, similar legitimate changes should be kept in the updated model although the data differed from the 2007 CAGIS. In some cases, reliable resources such as design drawings or historical records could not be found to verify CAGIS data. Under this circumstance, engineering judgment was applied to adjust model input in the updated SWM. Any adjustment was made with careful review of the upstream and downstream sewer network, the relation between the tributary sewers, and the nearby facility configuration if applicable. Meanwhile, relevant comments were added to the updated model input or kept in the Tool database for future reference.
Due to the various aspects to be considered in the model update, the project team established a QA/QC protocol to guide review and ensure that physical attributes were appropriately updated without reversing legitimate changes made during initial SWM development.
QA/QC
Two general types of quality control were used to review the updated model: profile inspection and plan view inspection in GIS.
The SWM maintenance tool was used to visually inspect sewer profiles for areas where differences were identified. Profiles displayed model and CAGIS information simultaneously to determine if recent CAGIS data or updated SWM data reasonably represent the physical sewer system network ( Figures  16.4 to 16.7) . A reasonable representation of the physical sewer system networks was established by: pipe size changes from small to large following the flow direction in the sewer network; outgoing pipe inverts are lower than incoming pipe inverts; and pipes slope positively along the sewer network flow direction unless otherwise indicated in CAGIS.
This method was applied to inspect length, invert and size discrepancies, listed in items 1 through 4 in Section 16.2.2 above. Figure 16 .2 displays a flow chart for the profile QA/QC and lists criteria used to ensure that newly added pipe attributes represent an updated and reasonable profile in the sewer network. The flow chart also indicates where additional information was needed. Differences were tracked when a conclusion could not be readily determined, and additional reference data were requested from MSDGC. Reference data that MSDGC provided were generally in the form of 1:50 scale maps, 1:200 scale maps, or construction drawings. For differences where reference data did not provide a clear determination, or where no reference data were provided, engineering judgment was used to complete QA/QC. This sometimes involved leaving attributes unchanged and providing comments available for users to further verify in the future, if needed.
Plan view inspection in a GIS environment addressed differences, listed in items 4 and 5 in Section 16.2.2 above, associated with pipes that were only in one of SWM and CAGIS. Generally, these categories consisted of new service areas, replacement sewers (CIPs), hydraulic structures unique to modeling (such as weir or orifice), and new alignments based on survey data. The GIS environment allowed for viewing of the SWM and CAGIS data in areas with discrepancies. This aided determining if differences should be included in the model update. In general, plan view inspection was used to determine whether differences indicate a new sewer alignment due to implementation of recent or ongoing projects (Figure 16.8) , or new sewer network extensions in or connected to the initial modeled sewer areas (Figure 16 .9). The following elements were considered in the inspection:
1. Is the pipe located in an area defined in the project scope? 2. Is the pipe associated with a manhole representing a blind (artificial or dummy) connection in the system, which may be adjusted in the initial SWM? 3. Is the pipe associated with merging smaller pipes into one larger pipe in the initial SWM? 4. Is the pipe associated with a CIP, which may not be in the initial SWM? 5. Is the pipe associated with a CSO/SSO facility, which may be adjusted in the initial SWM? 6. Is the pipe part of a new alignment or service area, which might not have existed during initial SWM development? Most of these aspects required further analysis to make the determination, due to sewer network changes by recent CIPs or ongoing maintenance programs of MSDGC. Similar to the profile QA/QC, the project team tracked differences where a conclusion could not be readily determined and requested additional data from MSDGC. Likewise, for differences where reference data did not provide clear determination or where no reference data were provided, the project team used engineering judgment to complete QA/QC or left comments for users to verify in the future.
Model Update Results
Using the SWM maintenance tool with engineering judgment and substantial resources, the thousands of pipes in the initial SWM were reviewed. With 15 400 pipe attribute differences identified and 9 100 pipes updated, nearly 60% of the identified differences were resolved and documented in the database in the SWM maintenance tool for future reference. Table 16 .1 lists the categories of the differences in the sewer attributes and the numbers of the updated and not-updated pipes. Examples below demonstrate the approaches or aspects used to resolve the discrepancies between the initial SWM and the 2007 CAGIS. 
SWM Maintenance Tool
As discussed above, the SWM maintenance tool was applied in each update step. The project team dealt with thousands of sewer pipes in a complex sewer system. The SWM maintenance tool played an important role in the project. This tool was initially developed to assist with the laborious task of updating SWM attributes with the sewer system attribute data in CAGIS. Additional functionalities and numerous improvements were added in response to the needs of the SWM update. With the SWM maintenance tool (Figure 16. 3), the major update processes were efficiently applied to thousands of sewer attributes. Linking with a database, the tool is able to compare the most up-to-date CAGIS data with current SWM data, document discrepancies, provide a mechanism to methodically evaluate the discrepancies, help the engineer decide whether to incorporate changes in the updated model, document decision making so it is available for subsequent maintenance iterations, and create updated model data formatted for model input files. The tool has a user-friendly window interface and is able to work in the GIS environment to visually display locations of sewer attribute differences in ArcGIS, efficiently supporting the project team. 
The Examples of QA/QC with the Updated Sewer Profile
The following examples demonstrate typical scenarios that occurred and were inspected in the QA/QC using the SWM maintenance tool. The profiles below are directly obtained from the tool. The figures are copied from files used for QA/QC with project team comments. In the figures, solid filled pipes indicate updated pipes; pipes defined as two lines were in the initial SWM.
Example 1 Figure 16 .4 displays a reverse pipe identified during QA/QC. The previous version and 2007 CAGIS data indicated a reverse slope pipe while these data were reviewed. However, the field survey data confirmed that it should be a positive slope pipe after further reviewing other historical data. The project team determined to keep the initial model pipe attribute and document the solution in the database in the SWM maintenance tool.
Example 2 Figure 16 .5 shows the invert of an incoming pipe lower than the manhole invert as indicated in the 2007 CAGIS. It appeared that the adjusted invert in the initial SWM was correct. Since the reasonable adjustment was not commented with confirmation from survey or design drawings in the initial SWM, the project team decided to keep the invert in the initial SWM and request drawings to verify the data later on. 
Example 4
The profile in Figure 16 .7 shows the incoming pipe invert offset was different between the initial SWM and the updated data. The project team reviewed the design drawing and a previous CSO survey report and determined to keep the invert offset indicated in the initial SWM, due to the correct adjustment of the CSO configuration based on the report in the initial model.
Example 5
The sewer network in Figure 16 .8 has been changed since initial SWM development, due to CIP implementation. The sewers have been re-aligned against the old alignment in the same area, indicated by the new pipe lines not overlaying the old pipe lines. 
Example 6
There was no sewer network at the northwest corner of the map in Figure 16 .9 when the initial SWM was developed. However, 2007 CAGIS data shows that the new sewer system at this location is connected to the sewer system across the river. The sewer network has been extended since the initial SWM was developed. 
Conclusions and Recommendations
Updating the collection system attribute information in the Cincinnati SWM across the entire service area accounts for collection system changes that have occurred over the previous 7 y. The SWM has been updated based on the December 2007 CAGIS and from supporting references such as record drawings, previous model comments, and engineering adjustments. Rigorous QA/QC ensured that appropriate changes were made. These changes have been documented and will make subsequent model updates more efficient and accurate. The new, updated SWM input files are ready for the next step of model updating, which is refinement of the hydrologic/hydraulic parameters through recalibration.
Updating the model involves more than data processing. Informed engineering judgment with detailed documentation is essential to ensure that updated information can be accurately incorporated into a model. Auto-processing tools are necessary to ensure efficient execution of a model update for a large sewer system. For this project, 70% of the update was conducted by auto-processing tools consuming 30% of the total project time, while 30% of the update was conducted manually, requiring 70% of total project time. Automated tools are strongly recommended to help maintain a large collection system model.
Regardless of how efficiently automated tools help the model update, when issues are encountered, solutions can be provided only with intelligent engineering judgment before the tool can be applied to properly conduct the production work across the entire sewer system. Extensive time consuming, manual inspection and reviewing were inevitable to determine whether differences should be updated or not and evaluate accuracy of the updates. Therefore, this part of work should be well considered in project schedule and budget.
Engineering judgment and decisions about how to handle certain differences were based on historical data and understanding of the development of the original SWM. Documentation is essential to the update. Model updating can be more efficiently conducted with confidence and accuracy if reliable historical information is readily available. During updating of the SWM, searching to verify model data sometimes took much more time than expected. With this lesson, in this project, the SWM maintenance tool was applied to track comments and solutions. Associated with each sewer attribute, some key words were installed in the database of the tool. Key phrases such as Update (the pipe has been updated), Do Not Update (the difference was identified but the pipe was not updated based on the decision), and Do Not Ask Again (although the difference was identified the non-updated pipe will be maintained in the updated model most because of the modeling adjustment) can give a quick indication to the users to use the updated model and engineers to update the model in the future.
